Ornithine decarboxylase (ODC) activity is elevated in and necessary for oral carcinogenesis, but the mechanism for its deregulation is unclear. Using subtractive hybridization, a 1029 bp full-length cDNA encoding a 222 amino acid open reading frame has been isolated from normal hamster oral keratinocytes. The hamster cDNA is homologous to the human, mouse and rat ornithine decarboxylase antizyme gene (ODC-Az). The hamster ODC-Az gene demonstrated a restriction fragment length polymorphism (RFLP) upon Southern blot analysis comparing normal and tumor hamster genomic DNA. Northern blot analysis revealed that normal hamster oral keratinocytes express readily detectable level of ODC-Az mRNA. Malignant oral keratinocytes demonstrate reduced expression of the ODC-Az mRNA. In contrast, malignant hamster oral keratinocytes have elevated ODC mRNA levels and lengthened ODC protein halflife when compared to the normal counterparts. This was corroborated by direct measurement of ODC enzymatic activity. These data support the hypothesis that the reduced and/or loss of expression and function of the ODC-Az gene is an important event for the early de-regulation of cellular proliferation during oral tumor development.
Introduction
The 7,12-dimethylbenz(a)anthracene (DMBA)-induced Syrian hamster oral cancer model is widely used to study the biochemical and molecular events leading to oral cancer (Gimenez-Conti and Slaga, 1993; Slaga and Gimenez-Conti, 1992) . Accelerated cellular proliferation identi®ed in oral pre-cancerous lesions and squamous cell carcinomas of the oral cavity result from an accumulation of genetic alterations in oncogenes and tumor suppressor genes (Califano et al., 1996) . Somatic cell hybridization studies using normal (Type I) and malignant (HCPC-1) hamster oral keratinocytes revealed that the normal:malignant hybrid displays normal growth rates (Moroco et al., 1990) . Recently, speci®c genes such as p53 and doc-1 have been identi®ed to reverse uncontrolled cellular proliferation in oral squamous cell carcinoma cell lines (Todd et al., 1995) . However, the events leading to the de-regulation of cellular proliferation during oral carcinogenesis are poorly understood.
Oral cancer development is associated with elevated levels of ornithine decarboxylase (ODC), the ratelimiting enzyme in the polyamine synthesis pathway (Weiss et al., 1992) . Polyamines, such as putrescine, spermidine, and spermine, are believed to be essential for support of mitogenic activity and are among the most consistent indicators of genetic change during oral cancer development Slaga, 1992, 1993; Shin et al., 1990) . In dysplastic buccal pouch lesions, ODC activity dramatically increases polyamine levels (Shin et al., 1990) . Elevated intracellular levels of ODC have been proposed as a negative prognostic indicator (Williams et al., 1995) . Inhibitors of ODC activity have been investigated as chemotherapeutic agents for patients aicted with oral cancer (Boyle et al., 1992) . However, the mechanisms leading to elevated activity of ODC in oral cancer cells are unknown.
ODC is regulated by transcriptional, and posttranslational mechanisms (Russell and Snyder, 1981) . A unique inhibitory protein, antizyme (ODC-Az), is responsible for post-translational degradation of ODC (Russell and Snyder, 1981) . ODC is produced largely in the late-G1/early-S and late-S/G2 phases and has a very short half-life. Elevation of polyamine levels produced by ODC result in increased ODC-Az activity which peaks at mid-S phase of the cell cycle (Linden et al., 1985) . The C-terminus of ODC-Az binds and destabilizes ODC (Li and Cono, 1994) .
Hamster ODC-Az complementary DNA (cDNA) was isolated using a subtraction-based approach to identify mRNA activity suppressed during hamster oral carcinogenesis (Todd et al., 1995) . This report presents data to demonstrate structural alterations and reduced activity of the ODC-Az gene in malignant oral keratinocytes. Reduction of ODC-Az mRNA is correlated with elevated activity and elongated halflife of ODC in malignant oral keratinocytes. These results suggest a role of ODC-Az deregulation in the observed elevation of ODC activity and subsequent increased proliferation during hamster oral carcinogenesis.
Results
Isolation of clone 7.19 cDNA fragment using subtractive hybridization Subtractive hybridization was used to isolate suppressed mRNA expressed during hamster oral carcinogenesis (Todd et al., 1995) . Brie¯y, a subtraction library representing steady state mRNA present in normal Type I but not in malignant HCPC-1 hamster oral keratinocytes was created as described previously (Todd et al., 1995) . Clone 7.19 was isolated from the subtraction library and screened as normal Type Ispeci®c using dierential (+) colony hybridization followed by Southern blot analysis of subtraction cDNA inserts probed with 32 P-labeled total Type 1 and HCPC-1 cDNA. Clone 7.19 cDNA hybridized only with the 32 P-labeled total Type-1 probe on the dierential colony hybridization ®lters and Southern blot membranes.
Full-length cloning of clone 7.19 cDNA and predicted amino acid sequences analysis
The original subtractive clone 7.19 is a partial cDNA fragment of 509 bp in length which includes a poly(A) + tail. 5'RACE was used to obtain the remainder of the *1 kb mRNA. Upon successful cloning and sequencing of the 5'RACE fragment, new primers were designed to reamplify the full-length subtractive clone from mRNA isolated from Type I normal hamster oral keratinocytes. This produced a full-length cDNA of 1029 bp. Nucleotide and protein database searches were performed using the BLAST search programs (NCBI). These searches revealed that the subtraction clone matched to the ornithine decarboxylase antizyme (ODC-Az) gene of human (accession numbers U09202 and D78361), mouse (accession number U52822) and rat (accession number D10706). The hamster ODC-Az nucleic acid sequence showed 78, 93 and 92% homology to that of human, mouse and rat, respectably. Open reading frame (ORF) analysis of the full length hamster ODC-Az cDNA revealed the ®rst ATG codon to be at position 74 ± 76 and terminates with a TGA codon at position 278 ± 280, encoding a 7413 Da peptide. However this ORF alone is insucient to encode the mature ODC-Az polypeptide which is known to be *24 kDa. Matsufuji et al. (1995) and Rom and Kahana (1994) have demonstrated that the ODC-Az gene is expressed through translational autoregulatory frameshifting just preceding the termination of the initiating frame. Therefore, the products of the two ORFs are synthesized as a single peptide. The nucleic acid sequence of the shift site, TCC-TGA-T, is present in the hamster ODC-Az cDNA sequence (275 ± 281). Thus, it is feasible that the entire 666-nt extending from nucleotide 73 ± 740 encodes for the 222-amino acid ODC-Az peptide, with a predicted molecular weight of 24 625 Da. The methionine at position 73 is in good context for initiation by Kozak analysis (Kozak, 1991) . The hamster ODC-Az amino acid sequence showed 85, 97 and 98% homology to that of human, mouse and rat, respectably. This sequence has been deposited into NCBI database, and accession number if U58672.
Loss of expression and evidence of loss of heterozygosity (LOH) of ODC-Az in malignant hamster oral keratinocytes
The full-length hamster ODC-Az cDNA is 1029 bp. When used to label Northern blots containing Type I and HCPC-1 mRNA, it hybridized to a *1 kb transcript expressed in the normal Type I cells but not in the malignant HCPC-1 cells (Figure 1a) . Furthermore, hybridization of mRNA from three other normal hamster oral keratinocyte cell lines, Type II, Type II/PO, and CL-1, produced detectable hybridization signals but not in another malignant hamster oral keratinocyte cell line, AW 16 (Figure 1b ).
32
P-labeled ODC-Az cDNA identi®ed steady state ODC-Az transcripts in normal hamster tissues including submandibular gland, kidney, heart, and lung tissue ( Figure 1c ). These results suggest expression of ODC-Az in the hamster is restricted to normal tissue, and its expression is not detectable in malignant hamster oral keratinocytes by Northern blot analysis. Figure 2 is a Southern blot analysis of Type I (lane 1) and HCPC-1 (lane 2) oral keratinocyte genomic DNA digested with EcoRI, PstI, PvuII and HindIII hybridized with 32 P-labeled hamster ODC-Az cDNA. In one of the four digestions (EcoRI), a hybridizable band (arrow) at *15 kb exists in Type I genomic DNA that is missing in HCPC-1 cells. The remaining digestions did not identify any structural alteration in the ODC-Az gene between Type I and HCPC-1 cells. There was no structural alteration of the ODC gene detectable on Southern blot analysis (data not shown).
ODC mRNA, activity levels and turnover in normal and malignant hamster oral keratinocytes ODC-Az reduces ODC enzymatic activity by degrading the gene product. We investigated the level of ODC and ODC-Az mRNA steady-state levels in normal and malignant hamster oral keratinocytes. Using 32 P-labeled human ODC cDNA and hamster ODC-Az cDNA as probes, we hybridized Northern blots containing Laser densitometry was used to quanti®ed the ODC and ODC-Az steady state mRNA levels in the dierent oral keratinocyte cell lines shown in Figure 3 . For ODC mRNA, the levels were normalized to the normal Type I keratinocytes and revealed the following trend: Type I (1.0): Type II (1.0): Type II/PO (1.2): CL-1 (2.1): AW16 (2.46) and HCPC-1 (2.36). For ODC-Az mRNA, the levels were normalized to HCPC-1 ketatinocytes and revealed the following trend: Type I (9.1), Type II (10.5), Type II/PO (10.5), CL-1 (9.5), AW16 (1.25), and HCPC-1 (1.0).
In order to determine if the observed dierences in ODC mRNA levels is translated into ODC enzymatic activities, we determined the ODC activities in normal oral keratinocytes cell lines (Type II, TypeII/PO, CL-1) and malignant oral keratinocytes cell lines (AW16 and HCPC-1) using an ODC enzymatic assay (Wetters et al., 1989) . The observed ODC enzymatic activities are shown in Figure 5 . Parallel reactions performed in the presence of 5 mM of a-di¯uoromethyl ornithine (DFMO), an ODC-speci®c irreversible inhibitor, suppressed all ODC activity (data not shown). A tenfold increase in ODC activity is noted in malignant oral keratinocytes, surpassing the observed elevation of mRNA level. One-factor ANOVA statistical analysis revealed that ODC activities of malignant oral keratinocyte cell lines (AW16 and HCPC-1) are signi®cantly higher than those of normal oral keratinocyte cell lines (Type II, Type II/PO, and CL-1) (P50.05). Svensson et al. (1997) have shown that the turnover of ODC protein can be determined by following the decay of ODC activity upon treatment with cycloheximide at 50 mg/ml. Using the same protocol, we have estimated the ODC protein half-lives in normal and malignant oral keratinocytes. The half-life of ODC protein in the normal oral keratinocytes is about 20 min. In contrast, the half-life of ODC protein in the malignant oral keratinocytes is approximately 1 h.
These ®nding suggest that hamster oral keratinocyte cell lines that have a high level of ODC activity and prolonged half-life. These include AW16, HCPC-1 and the CL-1 cell lines. These cell lines also have a lower level of ODC-Az mRNA. In view of our earlier ®nding Figure 2b is a Southern blot analysis of CL-1 and AW16 genomic DNA digested with EcoRI hybridized with 32 P-labeled hamster ODCAz cDNA. The hybridizable band (arrow) at *15 kb exists in Type I genomic DNA that is also missing in the CL-1 and AW16 cells, suggesting that the same RFLP is present in all transformed hamster oral keratinocyte cell lines exhibiting high ODC activity and corresponding ODC-Az mRNA levels.
Alteration in ODC-Az expression is not associated with intragenic mutation of the ODC-Az gene As a ®rst step toward understanding the mechanism by which ODC-Az is down-regulated during oral carcinogenesis, we examined the possible existence of intragenic mutation of the ODC-Az gene in malignant hamster oral keratinocytes by comparing the coding sequence using a non-isotopic RNase cleavage assay (NIRCA). Since the coding sequence of the ODC-Az gene is 1,029 bp and the detection limit of the NIRCA is *1 kb, we designed primers to analysed the entire coding sequence in two parts, each *500 bp. By performing reciprocal hybridizations using mRNA from normal and malignant hamster oral keratinocytes, RNase digestions, and subsequent analysis by agarose gel electrophoresis, no detectable dierence was observed between the coding sequence of the ODC-Az gene between normal and malignant hamster oral keratinocytes. 
Discussion
The hamster oral cancer model is an excellent system to investigate the detailed molecular mechanisms of proliferation regulation in oral cancer development (Gimenez-Conti and Slaga, , 1993 Slaga and Gimenez-Conti, 1992; Shklar, 1984) . Recently, it has been reported that alterations and/or loss of certain growth suppressor genes are involved in human oral cancer development (Califano et al., 1996; Roz et al., 1996; Bedi et al., 1996) . In this paper, we report the isolation and partial characterization of the hamster ODC-Az, a powerful regulator of cellular proliferation, and its potential role in growth de-regulation in oral cancer development. ODC-Az was identi®ed based on its reduced mRNA level in hamster oral cancer cells. Using subtractive hybridization, we isolated a molecular clone representing mRNA present in normal (Type I) but not in malignant (HCPC-1) hamster oral keratinocytes. The full-length clone was successfully isolated using the RACE method. Homology searches through the NCBI databases revealed that the subtraction clone is the hamster homologue of the ODC-Az gene. The ODCAz gene was ubiquitously expressed in normal hamster tissues in vivo, as well as early, pre-malignant oral keratinocytes (Type II, Type II/PO, CL-1) in vitro. Malignant oral keratinocytes demonstrated reduced expression of ODC-Az mRNA by Northern analysis.
Reduced hamster ODC-Az gene expression may be due to structural alterations of the gene. Southern analysis in Figure 2 suggests a possible lateration of the ODC-Az gene. However, comparison with normal tissues from the same animal and further characterization of the nature of the alteration is necessary. The linkage of the hamster ODC-Az to speci®c chromosomal alterations will strengthen its role in oral carcinogenesis.
We have attempted to compare ODC-Az activity between the normal and transformed hamster oral keratinocytes. Utilizing antibodies from Drs Senya Matsufuji and Shin-ichi Hayashi (Department of Biochemistry II, Jikei University School of Medicine, Tokyo, Japan) (Matsufuji et al., 1990a,b) and immunoblotting procedures (immunoprecipitation and Western blotting), no detectable ODC-Az was observed. This is likely to be due to the minute levels of ODC-Az present in the cells (P Cono, personal communication). Eorts will continue to establish assays for ODC-Az.
During tumorigenesis, elevated ODC activity is believed to be in part the result of downregulation of ODC modulators (Li and Cono, 1993) . ODC has been implicated as a proto-oncogene (Auvinen et al., 1992) . The overexpression of ODC in transgenic mice has resulted in phenotypic alterations in the skin leading to tumorigenesis (Megosh et al., 1995) . Elevated ODC activity has been reported in several human cancers, including breast (Romano et al., 1986) ; stomach (Lundell and Rosengren, 1986) , colon (Radford et al., 1990) and liver (Tamori et al., 1994) . Restoration of ODC-Az function in hepatocellular carcinoma cell lines results in reduction of ODC activity and slower proliferation rates.
ODC overexpression has been noted previously in the hamster oral cancer model (Shin et al., 1990 ). In the absence of structural alteration, elevated ODC gene expression might be explained by tumor autostimulation or point mutation leading to stabilization of the ODC transcript or protein. The marked elevation of ODC activity suggests the additional loss of a posttranslational regulator. The function of ODC-Az, to destabilize ODC and control ODC activity, has yet to be studied in the context of oral carcinogenesis (Li and Cono, 1993) .
Understanding the deregulation of the ODC pathway during oral carcinogenesis may have important diagnostic and therapeutic applications. Members of the ODC pathway may prove to be markers/predictors of tumor behavior or potent modulators of cellular proliferation. We hypothesize that the inactivation or loss of ODC-Az expression during malignant transformation may contribute to increased ODC levels. Deregulation of ODC through reduction of ODC-Az activity may be an important event in the acceleration of cellular proliferation during oral carcinogenesis. In order to verify that ODC-Az is involved in suppression of oral tumor proliferation, we need to demonstrate its functional role in carcinogenesis as well as the genetic basis for its loss of expression in oral keratinocytes. While the mechanisms responsible for the observed reduction of ODC-Az activity in malignant oral keratinocytes remain to be elucidated, we have demonstrated the presence of an RFLP in the ODCAz gene in hamster oral tumor cells. We have further shown that there is no intragenic mutation of the ODC-Az coding sequence between normal and malignant oral keratinocytes, suggesting the RFLP lies in the intronic or the promoter region of the gene. These results logically direct our future studies to examine intronic and promoter dierences of the ODCAz gene between normal and tumor cells, particularly methylation status.
The half-life of ODC in the mammalian cell is often shorter than 1 h (Hayashi and Murakami, 1995) . In the present study, ODC protein in malignant oral keratinocytes showed longer half-lives than those of normal oral keratinocytes. ODC is degraded by the 26S proteosome in an energy-dependent (ATP-dependent) process by this protease system without being ubiquitinated (Murakami et al., 1992a) . Degradation of mammalian ODC is stimulated by ODC-Az which binds strongly to ODC and inhibits ODC activity (Hayashi and Murakami, 1995; Murakami et al., 1992b; Li and Cono, 1993) . The ODC-Az acts in place of ubiquitin in ODC degradation (Li and Cono, 1993) . A good correlation between the ODC/ ODC-Az ratio and the ODC degradation rate has been reported in hepatoma tissue culture (HTC) cells (Murakami and Hayashi, 1985) . In fact, the over expression of ODC and reduced level of ODC-Az mRNAs, in part, could be responsible for the observed lengthened decay of ODC protein in malignant oral keratinocytes.
Materials and methods

Cell culture and RNA isolation
The origins and conditions for culturing of Type I, Type II, Type II/PO, CL-1, HCPC-1 and AW16 cell lines were previously described (Todd et al., 1995) . Total and poly(A) + RNA were isolated by CsCl gradient ultracentrifugation guanidine isothiocyanate lysed cells according to the method of Davis et al. (1986) .
cDNA library construction and subtractive hybridization cDNA library construction for Type I and HCPC-1 hamster oral keratinocytes and subtractive hybridization were performed as previously described (Todd et al., 1995; Klickstein, 1987 ). This subtraction library was screened using dierential (+) colony hybridization and Southern blot analysis with 32 P-labeled total Type I and HCPC-1 cDNA probes (Todd et al., 1995) .
Full-length ODC-Az cDNA cloning, DNA sequencing, and predicted amino acid analysis
The hamster ODC-Az cDNA was isolated from the subtraction library as a 509 bp cDNA clone which included a poly(A) + tail. To obtain the full-length cDNA clone, we used the 5'RACE (rapid ampli®cation of cDNA ends) approach (Frohman et al., 1988) . Upon successful cloning and sequencing of the 5'RACE fragment, new primers were designed to permit reampli®cation of the fulllength ODC-Az cDNA from the total RNA isolated from Type I normal hamster oral keratinocytes. PCR products were cloned into the cloning vector pAMP1 using CloneAMP system (Gibco-BRL, Gaithersburg, MD). DNA sequencing was performed using the dideoxy-chain termination method (Sanger et al., 1977) . The resultant nucleic acid and predicted amino acid sequences were analysed by the MacVector software version 5.0 (Oxford Molecular Group PLC, Campbell, CA). Searches for related DNA and protein sequences were performed using BLAST search programs from the National Center for Biotechnology Information (NCBI, Bethesda, MD).
Southern and Northern blot analysis
Total and poly(A) + RNA was isolated by CsCl gradient ultracentrifugation guanidine isothiocyanate lysed cells. High molecular weight genomic DNA was isolated from Type 1 and HCPC-1 cultures. Both RNA and DNA were isolated according to the methods of Davis et al. (1986) . Details of Southern and Northern blot analysis using the Zetabind membranes were described previously (Todd et al., 1995) . Random-priming was used to label the ODC and ODC-Az cDNA (Feinberg and Vogelstein, 1983) . Human ODC cDNA (pODC10/2H) (Hickok et al., 1990) was used for probe construction. This pODC10/2H was a kind gift from Dr Noreen J Hickok (Department of Dermatology and Biochemistry, Thomas Jeerson University, Philadelphia, PA).
ODC assay and half-life determination
The ODC activity assay was performed as described by Wetters with minor modi®cation (Wetters et al., 1989) . Brie¯y, the ODC assay quantitates the release of [ 14 C]CO 2 during ODC-catalyzed conversion of ornithine to putrescine and CO 2 . Typical reaction mixture contained 50 ml of cell lysate prepared from normal oral keratinocyte cell lines (Type II, Type II/PO, CL-1), and malignant oral keratinocyte cell lines (AW16, HCPC-1 cells), together with 75 ml of 100 mM glycyl-glycine (pH 7.2), 0.2 mM pyridoxal phosphate, 4 mM dithiothreitol, 0.4 mM 1-ornithine and 0.25 mCi (56 mCi/mmol) [
14 C] 1-ornithine. Reactions were performed by incubation at 378C for 2 h and terminated by heating at 858C for 5 min. [ 14 C]CO 2 was trapped with a Whatman 3-mm paper ®lter spotted with 10 ml of 10% w/v KOH and quanti®ed using a scintillation counter. Triplicate determinations were performed. Controls were blanks containing lysis buer in place of the supernatant. Corrected ODC values were obtained by subtracting values for blanks and stated as picomoles CO 2 per hour per milligram protein. To con®rm the detected activity was indeed due to ODC, an ODCspeci®c irreversible inhibitor, a-di¯uoromethyl ornithine (DFMO, 5 mM), was used (Gaines et al., 1988) . One-factor ANOVA was used for statistical analysis.
The half-lives of ODC in normal and malignant oral keratinocytes were determined by following the decay of ODC activity after 50 mg/ml cycloheximide treatment (Svensson et al., 1997) . The cytosolic extracts were prepared at 0, 1, 2, and 3 h after 50 mg/ml cycloheximide treatment and ODC activities at each time point were measured as described in ODC assay, as well.
NIRCA assay
The MisMatch Detect II 2 (Ambion Inc., Austin, TX) is a sensitive method for screening unknown mutations of nucleic acids. To screen for the presence of mutations in ODC-Az mRNA isolated from the hamster malignant oral keratinocyte cultures (HCPC-1 and AW16), the nonisotopic RNase cleavage assay (NIRCA system, Ambion Inc., Austin TX) was used. After an initial PCR ampli®cation using 2 ODC-Az-gene speci®c primers anking the coding region of the gene (5'AGC-GAGGTTTTGCTGGTTTCG-3', 5'-TTTGAGCCAAGG-GAGGTGACAC-3'), nested PCR was performed on the ®rst PCR products using two nested PCR primers: (1) 5'-TAATACGACTCACTATAG GGGAGGTTTTTGCTGG-TTTCGGAC-3' and 5'ATTTAGGTGACACTATAGG-AACGGTTCTTGGGGAAGCAGATG-3', (2) 5'-TAA-TAC GACTCACTATAG GGAACGACAAGACCAG GG-TTCTGAGC-3' and 5'ATTTAGGTGACACTATAGGA-TTTGAGCCAAGGGAGGTGACAC-3' (the sense primer contains 20 bases of T7 promoter sequence at 5' end, and anti-sense primer contains 20 bases of Sp6 promoter sequence at the 5' end). Sense and anti-sense strands of the nested PCR products were transcribed into RNAs. The hybridization reactions of sense and anti-sense RNA transcripts from cancer samples with the complementary control (normal) transcripts was done to create duplex RNA targets. The duplex RNA targets were digested with RNase A, and RNase cleavage products were analysed on 2% agarose gels.
Abbreviations RFLP, restriction fragment length polymorphism; RACE, rapid ampli®cation of cDNA ends; PCR, polymerase chain reaction; ODC, ornithine decarboxylase; Az, antizyme; kb, kilobase; bp, base pairs; nt, nucleotides.
